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Oxide-coated monodispersive Co cluster assemblies with the mean cluster size of 6 and 13 nm
have been prepared by a plasma-gas-condensation type cluster beam deposition apparatus. The
magnetic properties of the samples prepared without and with introducing oxygen gas into the
deposition chamber are compared. The exchange anisotropy induced by interfacial exchange
coupling between the ferromagnetic Co core and the antiferromagnetic cobalt oxide shell has been
studied by measuring the hysteresis loop shift of the field-cooled samples and the low field thermo-
magnetic curve.
1. Introduction
Nanoscale-structure-controlled materials show novel properties that are markedly dif-
ferent from those of the bulk due to their very small sizes and fundamental change in
the coordination, symmetry and confinement. Research on nanoscale magnetic Fe and
Co clusters has been fairly active in the last decades because of both the fundamental
properties and potential application to high density magnetic recording media [1]. The
magnetization, coercivity and magnetic transition temperature are influenced by the
cluster size. Therefore, in these studies, the cluster-size control is of immense impor-
tance for understanding and optimizing their physical properties. Moreover, since a
large fraction of atoms in clusters are surface atoms, formation of an antiferromagnetic
oxide surface shell causes the magnetic exchange interaction [2 to 4] that influences
significantly the magnetic properties of these clusters.
In this paper, we report the preparation method and the magnetic properties of
oxide-coated monodispersive Co cluster assemblies. The effect of exchange anisotropy
between the ferromagnetic Co core and antiferromagnetic CoO shell on the hysteresis
loop shift and the thermomagnetic behavior are investigated.
2. Experimental
Samples were fabricated with a plasma-gas-condensation (PGC) type cluster beam de-
position apparatus, which is a combination of sputtering and condensation in an inert
gas atmosphere [5 to 7]. It is mainly composed of three parts: a sputtering chamber, a
cluster growth room and a deposition chamber. The vaporized atoms in the sputtering
chamber are decelerated by collisions with a large amount of Ar gas (the Ar gas flow
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rate: RAr = 250 to 500 SCCM) or Ar + He mixture gas (He gas flow rate: RHe =
550 SCCM) injected continuously into the sputtering chamber, and are swept into the
cluster growth room, whose inner wall is cooled by liquid nitrogen. The clusters formed
in this room are ejected from a small nozzle by differential pumping and a part of the
cluster beam is intercepted by a skimmer, and then deposited onto a sample holder in
the deposition chamber (10± 5 to 10± 4 Torr). Using this system, we have succeeded in
obtaining monodispersed transition metal clusters with the size of 6 to 13 nm and the
standard deviation less than 10% of the mean size. In this study, we introduced oxygen
gas through the nozzle near the skimmer into the deposition chamber during deposition
to form cobalt oxide shells covering the Co clusters before depositing on the substrate.
This process ensures that all Co clusters are uniformly oxidized before the cluster as-
semblies are formed. For a constant RAr or RAr + RHe, the gas pressure in the deposi-
tion chamber can be adjusted lower than 3  10± 4 Torr by changing the flow rate of
oxygen gas (RO2 ). In order to be compared with the uniformly oxidized cluster assem-
blies, a part of the assemblies is pre-
pared without the introducing oxygen
gas, and only oxidized by exposing the
assemblies to the ambient atmosphere.
The initial stage of clusters deposited
on the microgrids was observed by a
Hitachi HF-2000 transmission electron
microscope (TEM), operating at
200 kV. The electron diffraction pattern
clearly indicated coexistence of Co and
CoO phases, while the high resolution
image displayed Co clusters covered
with CoO [8]. The cluster assemblies
were formed on a polyimide film at
room temperature with the thickness of
about 100 nm, as measured by a quartz
thickness monitor.
Magnetic studies were performed
using a superconducting quantum inter-
ference device (SQUID) magnetometer
between 5 and 390 K up to a maximum
field of 50 kOe.
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Fig. 1. TEM image of the oxide-coated Co
clusters prepared on a carbon-coated micro-
grid. a) Mean cluster diameter d = 6 nm, in-
troduced oxygen flow rate RO2 = 0.1 SCCM;
b) d = 13 nm and RO2 = 0.44 SCCM
3. Results and Discussion
Fig. 1 shows TEM images of the initial stage of the oxide-coated Co cluster assemblies.
As shown here, the clusters are almost monodispersed, with the mean diameter d of
about 6 nm (a) and 13 nm (b). The cluster size was found to be independent of the
deposition time [9]. Moreover, we have also found that the cluster size is insensitive to
RO2 , but the exchange interaction and coercive field increase with increasing RO2 at low
temperatures as revealed in the following measurement results on the magnetic proper-
ties. This indirectly indicates that the thickness (or amount) of the antiferromagnetic
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Fig. 2. ZFC and FC loops of the Co cluster assemblies prepared at a) the oxygen flow rate
RO2 = 0, b) 0.02 and c) 0.1 SCCM
oxide shell increases with increasing RO2. For the sake of comparison, we mainly exam-
ine the magnetic properties of the monodispersive Co cluster assembly with the mean
cluster diameter of d = 6 nm in the present study.
Fig. 2 shows the hysteresis loops of the oxide-coated Co cluster assemblies prepared
at (a) RO2 = 0, (b) 0.02 and (c) 0.1 SCCM. The hysteresis loops were measured at 5 K
both after zero field cooling (ZFC) and field cooling (FC) the samples from 300 to 5 K
in a field of 50 kOe. The direction of field used to measure the loops was parallel to
that of the cooling field. For two samples with RO2 = 0.02 and 0.1 SCCM, a large shift
of the FC loop in comparison with the symmetric feature in the ZFC loop is detected,
which comfirms the presence of the unidirectional exchange anisotropy [2 to 4]. Here,
we evaluate the shift by the coercive field between the FC and ZFC loops,
HZFCc ÿHFCc . For RO2 = 0 SCCM (Fig. 2a), the shift appears but it is much smaller than
that for RO2 = 0.1 SCCM (Fig. 2c). This is due to partial oxidation of the cluster assem-
bly only by exposing it to the ambient atmosphere. In addition, comparing the ZFC
loops for these Co cluster assemblies, we can see that the magnetization for RO2 = 0.02
and 0.1 SCCM is more hardly saturated than that for RO2 = 0 SCCM. These features
are ascribed to the exchange anisotropy effect.
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Fig. 3. Temperature dependence of hysteresis loops for the Co cluster assembly prepared at the
oxygen flow rate RO2 = 0 SCCM
Figs. 3 and 4 show the temperature dependence of hysteresis loops for the sam-
ples prepared at RO2 = 0 and 0.1 SCCM, respectively. For RO2 = 0 SCCM, the Co
cluster assembly exhibits ferromagnetic behaviors other than superparamagnetism
at T  300 K: the magnetic saturation and hysteresis, although the Co clusters
with d = 6 nm have a single domain structure [10,11] and their diameter is smaller
than the critical diameter (about 8 nm) of the superparamagnetism for the non-
interacting hcp Co clusters at 300 K [12]. This results from the dipole interaction
between these single-domain clusters of the present assembly [13]. The magnetiza-
tion curve becomes magnetically soft with increasing T. For RO2 = 0.1 SCCM
(Fig. 4), although the Co core diameter (or magnetocrystalline anisotropy) should
be smaller than that for RO2 = 0 SCCM, the coercive field, Hc, is larger than that
for RO2 = 0 SCCM at T < 200 K because of the exchange interaction between the
Co core and the oxide shell. However, the Hc value becomes zero at 300 K (see
inset in Fig. 4d), displaying a superparamagnetism. This feature originates from the
presence of the nonmagnetic oxide shell which cuts off the magnetic interaction
between the Co cores grains: bulk CoO has a NeÂel temperature of about 290 K.
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Fig. 4. Temperature dependence of hysteresis loops for the Co cluster assembly prepared at the
oxygen flow rate RO2 = 0.1 SCCM
In order to confirm this superparamagnetic behavior, we measured the tempera-
ture dependence of magnetization at low magnetic field. Fig. 5 shows the thermo-
magnetic curves, MZFC±T and MFC±T, for the zero field cooled and field cooled
stages of the Co cluster assemblies prepared at (a) RO2 = 0 and (b) 0.1 SCCM.
For the zero field cooled (ZFC) measurement, the sample was cooled in the
absence of an external magnetic field from T = 390 to 5 K. Then H (=100 Oe)
was applied and the magnetization was measured with increasing temperature. For
the field cooled (FC) measurement, the sample was cooled in the presence of
H = 100 Oe from T = 390 to 5 K, and then the magnetization was measured with
increasing temperature at H = 100 Oe. As seen from Fig. 5, a distinct magnetic
cooling effect is observed at low temperatures for both samples. From 5 to
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Fig. 5. Thermomagnetic curves, MZFC±T and MFC±T, for the Co cluster assemblies prepared at a)
the oxygen flow rate RO2 = 0 and b) 0.1 SCCM
390 K, the ZFC magnetization gradually increases for RO2 = 0 SCCM while it al-
most remains zero below 150 K for RO2 = 0.1 SCCM because of the strong ex-
change coupling between the Co core and CoO shell, and then increases rapidly
and reveals a maximum at about 270 K which is ascribed to the blocking (or
freezing) temperature (TB) of the superparamagnetic oxide-coated Co cluster as-
sembly.
In order to further estimate the oxidation extent, the magnetization curves above TB
were measured. In the superparamagnetic case, the magnetization M(H,T) at T > TB can
be written as
M(H,T) = Ms[coth (mH/kT) ± kT/mH] = MsL(mH/kT), (1)
where L(mH/kT) is the Langevin function for clusters with magnetic moment m. As
expected from Eq. (1), the M(H, T)/Ms ± H/T curves at different temperatures above
290 K well agree with each other (Fig. 6). The Langevin function also give a good fit to
the M(H)/Ms experimental data. In Fig. 6, the fitting curve (the solid line) is obtained
using the average cluster moment of m = 6500 mB. This also indicates indirectly that the
size of the present Co cluster assembly is almost monodispersed. Moreover, using the m
value obtained from the Langevin function fit, we estimate the diameter of the Co core
to be d0  4.2 nm. Therefore, for the 6 nm size-Co cluster, the oxide shell has a thick-
ness of about 1 nm. We can say that the volume fractions of the Co core and oxide
shell are 38 and 62%, giving rise to the loop shift HZFCc ÿHFCc  10:2 kOe between the
zero field cooled and field cooled sample (Fig. 2c) and Hc = 3 kOe at 5 K for the zero
field cooled sample (Fig. 4a).
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Fig. 6. M(H, T)/Ms ± H/T curves for the Co cluster assemblies prepared at the oxygen flow rate
RO2 = 0.1 SCCM at different temperatures above 290 K. The solid line is the result calculated by
Eq. (1) using a average cluster moment of m = 6500 mB
4. Conclusions
Using the PGC type cluster beam deposition technique, the oxide-coated monodisper-
sive Co cluster assemblies with the cluster mean size of 6 and 13 nm are obtained. The
Co cluster assembly with d = 6 nm prepared at RO2 = 0 SCCM exhibits ferromagnetic
behaviors at T  300 K. The cluster assembly prepared at RO2 = 0.1 SCCM has the
larger coercivity at low temperature and its magnetization curves are more hardly satu-
rated than that at RO2 = 0 SCCM because of the exchange coupling between the ferro-
magnetic Co core and antiferromagnetic cobalt oxide shell. Above 290 K, the oxide-
coated Co cluster assembly reveals the superparamagnetic behavior. The volume frac-
tion of the Co core is about 38% and that of the oxide shell 62%, which give rise to
the coercivity of 3 kOe and the loop shift of 10.2 kOe at 5 K.
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